We described here an approach for mapping proteins on any sequence of genomlc DNA. UV-lnduced DNA-protein crossllnking within whole cells and the 'protein Image' hybridization technique (1) were applied to test the proteins bound to different regions of the D.melanogaster hsp-70 gene. The histone H1-DNA association with the coding region is shown to be maintained, even during very Intensive transcription, but is absent in the promoter. Two non-hlstone proteins with apparent molecular masses of 50 kD (p50) and 100 kD (p100) are crosslinked only to the active hsp-70 gene regulatory region and preferentially bind to its complementary and coding DNA strands, respectively.
INTRODUCTION
Regulation of gene activity is a result of the intricate interactions of several proteins with regulatory gene elements (2, 3) . Histone HI could be involved in the regulation of transcription (4, 5) . The use of different techniques, such as DNasel footprinting, Exo III protection mapping, sequence specific oligonucleotide affinity chromatography and gel retardation assay provide some important information on the role and mechanism of the interactions of such proteins with DNA in vitro or in isolated nuclei in situ. However regulation of gene activity consists of complicated and subtle processes that are affected by many factors and therefore may differ in some essential details in cells, isolated nuclei or in solution. The use of DNA-protein crosslinking within whole cells with subsequent analyses of proteins crosslinked to specific sequences provides a useful approach that evades these difficulties.
We applied here UV-crosslinking in whole cells together with the 'protein image' hybridization method to identify in vivo the proteins associated with the regulatory elements and demonstrate the presence of histone HI on the coding sequences of highly transcribed hsp-70 gene.
MATERIALS AND METHODS
D.melanogaster tissue culture cells, subline K , were grown at 26°C in Eschalier medium (6) supplemented with 10% foetal calf thymus serum, up to a density of 6-8x 10 6 cells per ml. For heat shock, the cell suspension was incubated at 37 °C for 30 min and quickly chilled to 0°C. Tissue culture cells in the medium were transferred to a jacketed dish and irradiated by UVlight, as described by Gilmour and Lis (7) . The source of UVlight was a Chromato-Vue transilluminator, model C-61 (Ultraviolet Products, USA) without filter, placed 10 cm above the cell suspension, which provided approximately 350 /iW/cm 2 light intensity. The cell suspension (0.5 cm in depth) was irradiated for 12 min at 0°C. Nuclei were isolated from irradiated cells as described (7) then lysed in 0.15 M NaCl, 10 mM Tris-HCl (pH 8.0), 1 mM EDTA, 0.1% NIM0, 2% lauryl sarcosinate, sonicated to DNA size of about 5-10 kilobases and the material was loaded onto a preformed CsCl gradient (7). Centrifugation was carried out at 200,000 xg in a Ti-50.2 fixedangle rotor (Beckman) for 40 hr at 16°C. The DNA-containing fractions were collected and dialysed against 0,25 % NP-40, 10 mM Tris-HCl (pH 8,0). After dialysis, MgCl 2 a™ 1 DNase I were added (to 5 mM and to 0.01 /tg per 50 /tg of DNA, respectively) for random fragmentation of DNA. The digestion was carried out for 7-10 min at 37°C, according to preliminary analytical experiments to get DNA fragments about 200-500 nucleotides long. The reaction was stopped by addition of EDTA to 10 mM.
Most of the uncrosslinked DNA was removed by phenolchlorophorm extraction as in (8) . Two-dimensional diagonal gel electrophoresis of the DNA-protein complexes was done as described (8, 9 ) to obtain 'protein images'. The DNA fragments * To whom correspondence should be addressed were transferred onto a Hybond nylon membrane (Amersham). The conditions for DNA labeling, hybridization and washing of the filter were as described (10) . One-dimensional densitometric scanning of autoradiographs of the blots was performed as in (7) .
RESULTS
The D.melanogaster tissue culture cells in medium were UVirradiated to initiate low-level DNA-protein crosslinking, the isolated nuclei were lysed, then DNA and the crosslinked DNA-protein complexes were purified by centrifugation in a CsCl gradient. The DNA-containing fractions were collected, the DNA was fragmentated randomly by DNase I. Most of the uncrosslinked DNA was removed by phenol-chloroform extractions. The enriched DNA-protein complexes were subjected to 'protein image' hybridization analysis (1, 8, 9) as follows. Upon gel electrophoresis in the first dimension, DNA and DNA-protein complexes were separated according to mass, the crosslinked proteins retarding the running of the bound DNA fragments. The proteins were then degraded by Pronase directly in the gel, and the DNA fragments were separated in the second dimension. The DNA fragments were electroblotted to a nylon membrane and repeatedly hybridized with several cloned 32 Plabeled specific gene probes. The additional diagonals (besides that of the uncrosslinked DNA) corresponded to the DNA to which the proteins had been initially bound and the inclinations of these diagonals were proportional to the molecular masses of the crosslinked proteins. Some model experiments with the individual proteins of known molecular masses were carried out p50 plOO with the purpose to estimate the apparent molecular masses of crosslinking proteins (accuracy of our method was +/-10% for the proteins with molecular masses less than 40 kD and +/ -15% for the larger proteins). o--subunit of RNA-polymerase from E.coli (90 kD), bovine serum albumine (67 kD), DNAtopoisomerase II from cord seedling (135 kD), histone HI from chicken erythrocytes (37 kD) were chemically crosslinked to fragmentated DNA and separated by two-dimensional gel electrophoresis in the same conditions as for the experimental samples. Unfractionated reference DNA (as an internal standard) from irradiated cells was loaded on the second-dimension gel. Firstly, this gives us a possibility to compare on the same blot the intensities of diagonals on autoradiographs of different hybridizations.
And secondly, this guarantees against any fortuitous underrepresentations of any particular DNA region of any gene occurs (in the course of cross-Unking, fractionation, transfer, etc.). For details see ref. (8) .
We investigated the D.melanogaster hsp-70 gene from cytogenic locus 87A (proximal) (11), using as hybridization probes the following cloned sequences (Fig. 1) .
Probe A (177 b.p.-long) is present only in locus 87A genes contains the nuclease-hypersensitive promoter region (12) .
Probe B (900 b.p.-long) is a part of the hsp-70 transcription unit.
Probe D is the one for inactive chromatin. It is a 670-b.p. long fragment of D.melanogaster ribosomal type II insertion (13) . This sequence is repeated 35 times in the genome, the level of its transcription is negligible (14) .
The results of UV-crosslinking in heat-shocked Drosophila cells are presented in Fig. 1 . After hybridization with probe D for inactive chromatin, the 'image' of histone HI was revealed, along with the diagonal of uncrosslinked DNA. The attribution was carried out by crosslinking of individual proteins to DNA (data not shown). The core histone crosslinking was negligible under chosen irradiation exposures. Hybridization of the same filter with the probe for the coding region of hsp-70 genes (probe B) did not led to any essentially different crosslinking of histone HI to actively transcribed sequences as compared with nontranscribed ones. The intensities of the diagonals after hybridizations with Probe B and Probe D were very similar for both DNA strands.
The hybridization with probe A (coding strand) showed that the promoter region of hsp-70 was free of histone HI. The appearance of two additional diagonals witnesses for the crosslinking of two proteins with apparent molecular masses of 50 kD (p50) and 100 kD (plOO), respectively.
It was of interest to know whether or not the proteins found in the promoter region of activated hsp-70 genes can be crosslinked to inactive genes. The cell culture was halved and one part was heat-shocked. The heat-shocked and control cells were UV-irradiated, the DNA-protein complexes isolated, enriched and loaded onto neighbouring tracks of the first dimension gel. Electrophoresis in the second dimension was performed in the same block of PAGE and after electroblotting me filter was hybridized wkh probe A (coding strand). The proteins discovered were crosslinked to the promoter only of the heat shock-activated gene (Fig. 2) .
The hybridization with different 32 P-labeled strands of probe A, cloned in M13 phage, shows that plOO predominantly binds to the coding strand, and p50 prefers the complementary one, whereas histone HI does not discriminate between these two strands ( Fig. 3 ; the data for probe B not shown). It should be mentioned here, that the diagonals corresponding to histone HI (Fig. 3 a,b) can be found in the regions of DNA fragments longer than about 250 bases; diis must be caused by interactions of histone HI with the DNA regions bordering the nucleosome-free promoter region of about 200 bp in length.
DISCUSSION
Activation of hsp genes causes a substantial increase in transcription (15) , the density of RNA-polymerase molecules rises to the level of 2-3 RN A-polymerases per 200 bp of nucleosomal length (9) . Such a high density of large multimeric complex of RNA-polymerase, whose dimensions are comparable with the size of the nucleosomal DNA, should lead to some changes in histone-DNA contacts. However, the histone HI-DNA contacts fixed by UV-crosslinking appeared to be unaffected. An assumption that histone HI is preserved in the coding strand during RNA-polymerase movement along the gene has not been confirmed as the degree of histone HI crosslinking was the same in both strands (data not shown).
Our data are consistent with those of Nacheva et al. (8), who used various modifications of crosslinking proteins to partially depurinated DNA with dimethylsulfate. In active hsp-70 chromatin, the interaction between DNA and the 'globular' domains of histories was shown to be disrupted, but histories remained associated with DNA via their destructured N-or C-'tails', which seem to function as 'bridges' compartmentalyzing histones on DNA. As it was demonstrated by Stefanovsky et.al. (16, 17) UV-light also crosslinks histone HI to DNA predominandy through its C-and N-terminal tails. In contrast from the earlier studies which suggested that die binding of HI repress me gene activity (18, 19) , more recent works has tended toward the view that histone HI is apperently present in transcriptionally active regions but it may differently interact with DNA in active and inactive chromatin (20, 21, 22) .
However, Postnikov et al. (23) using several crosslinking methods and isolation of specific complexes by antibodies showed a twofold reduced density of HI and H5 on the transcribing b globin gene compared with the inactive ovalbumin and lysozyme genes of chicken embrionic erythrocyte. The authors in greate detail discussed the contradictory of meir data with those of Nacheva et.al. (8), so we haven't touched this problem here.
We found two nonhistone proteins characteristic of the promoter region of activated hsp-70 gene. Earlier Wu, using the Exo HI protection technique showed the presence of two proteins in the regions upstream of activated Drosophila hsp-70 and hsp-82 heat shock genes (24) (25) (26) . One of these genes binds to the TATA-box sequence independently of gene activation. The other can be found only after heat shock stimulation and is an hsp gene transcription activator (HSTF, heat shock transcription factor). This protein was purified by Wu et al. and its molecular mass was found to be 110 kD (27) . This suggests that me crosslinked protein with an approximate molecular mass of 100 kD is an hsp gene's transcription activating factor (see also (28) ).
Aldiough the functional role of p50 remains unclear, it may be a part of a large transcription complex, in particular transcription factors (TLA, IIB or IIF) (29) . A conclusive answer to the question whether or not p50 can be identified with TFs could be given after mapping the crosslinking sites on DNA for p50 and plOO. It would be interesting to find out if the preferential crosslinking of these proteins to different strands is an essential feature of this DNA-protein complex or it just reflects some specifity in crosslinking.
We were unable to detect DNA-RNA-polymerase contacts within the regions analysed, because of a ratiier low efficiency of RNA-polymerase crosslinking; the same could be true in case of some other proteins.
Protein mapping and genome sequencing
We develope the 'protein image' analysis which can be used for mapping proteins on any genomic DNA as far as its probe or sequence are available. Many sequences can be tested by repeatedly hybridizing the same blot with a number of probes. The mapping proteins along genomic DNA can be directly coupled widi the program of genome sequencing andit will not need much additional efforts.
